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Abstract
Fatigue cracks were initiated in a ferritic martensitc steel under fully reversed loading. The test continued until the dominant 
cracks had reached a size corresponding to several microstructural units, and, consequently, had turned into a continuously 
growing crack. Miniaturized specimens containing one dominant crack were cut the test specimens and analyzed in the SPring-8
facility in Japan using X-ray tomography. Crack extension could be studied using an in-beam loading stage. A pre-defined load 
cycles, the fatigue test was interrupted and CT- images were taken at different load levels. Hence the displacement of the crack 
faces can be determined by comparing the CT-results at different load levels. This comparison can be performed using digital 
image correlation (DIC). This method is nowadays widely using in analyzing deformation fields on surfaces, but can also be 
generalized to volumetric correlation, from which the three-dimensional displacement can be derived. This method is applied to 
the CT results yielding estimates of the crack face displacement. The three-dimensional crack shape, on the other hand, can be 
transferred into a CAD model which, in turn, is the basis for a Finite Element model. Matching the corresponding values of the 
crack face displacement can be used to qualify the results of the digital volumetric correlation.
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1. Introduction
In most cases fatigue cracks are surface cracks which grow with a constant aspect ratio (called equilibrium 
shape), if they are long enough compared to the microstructure of the material. However, small cracks or cracks in 
materials with coarse microstructure or with some kind of texture may develop into different shapes due to local 
interaction with the microstructure. This effect, in turn, may lead to erroneous interpretations of the crack growth 
rate, as the K-factor on the surface also depends on the aspect ratio. 
There are several ways to tackle this problem. The first one is relies on a post mortem analysis of the fracture 
surface and is particularly useful in materials in which fatigue striations are easily visible on the fracture surface. In 
this case the so-called marker load technique can be used where the regular fatigue loading is periodically 
interrupted by cycles with very small amplitudes and high R-values [1]. A second approach relies on studying edge 
cracks which can be directly observed on the front surface and the side surface of the specimen [2], i.e. on directly 
measuring the aspect ratio of a quarter-elliptical edge crack. The basic idea of yet another method is solving the
inverse problem, namely estimating the aspect ratio from the crack tip field on the surface (measured by digital 
image correlation) or the crack opening displacement on the surface, which, in turn, can be determined by in-situ 
testing in the SEM even for small cracks [3]. High resolution synchrotron radiation, on the other hand, gives a 
direct access to the crack shape [4], and is especially useful for cracks in lightweight metals. In the case of steels, 
resolution requires special attention [5] together with careful preparation micro-specimens with gage sections well 
below 1 mm2. An example of such an investigation is discussed in this paper. 
2. Experimental Procedure
A small dog-bone specimen made of a ferritic martensitc steel (for details see [6]) containing  a micro-notch with 
maximum length of about 150µm were subjected to fully reversed loading until a fatigue crack was observed at each 
of the notch roots (s. Fig. 1a). A micro-specimen as shown in Figs. 1b, 1c was then prepared by high precision spark 
erosion cutting with the region of interest containing the micro-notch in the gage section in the center of the 
specimen. After finishing, the notched cross section had a width of 484 µm and a depth of 533 µm.
a) Fatigue specimen with micro-notch 
and fatigue crack 
b) Design of 
micro-specimen
c) Micro-specimen with grips for in-beam 
testing
Figure 1: Specimen preparation
The micro-specimen was then mounted in an in-situ loading device at the beamline BL20XU in the Spring-8
synchrotron facility in Japan. Figure 2 illustrates the principal experimental set-up [7]. The experimental parameters 
were selected according to [4]. At first, a static load was applied increasing from 0N to 74N (360 MPa) during 
which altogether 6 scans were taken at different load levels. Then the specimen was fatigued for 2500 cycles with 
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R=0.1 and a maximum load of 64N. Afterwards, two more scans were taken at 64N and 74N respectively, followed 
by another fatigue period with 7500 cycles. The run was finished by two scans at 74N and 86N. 
a) set-up b) realization at SPring-8 facility
Figure 2: Set-up for in-situ fatigue tests at the SPring8 facility
Change of notch at front side
Change of notch in thickness direction
a) start b) 2500 load cycles c) 2500+7500 load cycles+overload
Figure 3: Change of notch shape due to fatigue loading and overload
Fig. 3 summarizes the results at different scan times. It can be concluded from the shape of the notch (front side) 
at the final scan that a large overload must have occurred during the second fatigue period leading to massive plastic 
deformation in the gage section. Consequently, the former crack path merged into the starter notch and a blunt notch 
was formed. Comparison of the scans at the different levels of fatigue loading clearly indicates that there is a 
Specimen
Actuator
Detector
X-ray
Scintillator
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substantial amount of stable crack extension. In general, that crack is approaching an equilibrium shape with the 
exception of the left notch tip. Apparently this part of the crack was blocked, possibly by a martensite region.
3. Deformation Analysis
The local crack driving force is required for a three-dimensional analysis of the crack extension process. There 
are two possible ways for deriving such a quantity from the scan data. The first one consists of deducing a Finite 
Element model from the observed crack shape and determining the crack tip field in a numerical simulation. The 
second one relies on the crack face displacement which follows directly from the scan data, if the scans at two 
different load levels are compared using digital image correlation. Both approaches are limited by the resolution of 
the scanning process. In case of the FE model, the crack front may not be visible in the scan as the crack face 
displacement in the vicinity of the crack tip is well below 0.5µm corresponding to the resolution limit for steel [4]. 
Values of the crack face displacement, on the other hand, can only be evaluated at comparatively high loads,
because the crack faces have to be completely visible for identifying correlated neighborhoods. This is the reason 
why the relative displacement will be very small and in the range of sub-pixel sizes. Having these limitations in 
mind, an attempt was made on finding out more about the merits and drawbacks of both methods by analyzing the 
very last scan series (Fig. 3c, applied loads 74N and 86N) in either way.
Figure 4: Subvolume for digital image correlation analysis and correlation coefficient 
The deformation analysis was carried using volumetric digital image correlation with the software tool 
VEDDAC 1 in combination with visualization by VGStudio Max 2.2 2. A sub-volume of interest was defined 
containing 376x131x185 voxel (see Fig. 4) in the vicinity of the notch. The filter size was set to 5x5x5 voxel. A first 
check on the quality of the results can be carried out on the basis of the correlation coefficient. It was found that the 
correlation coefficient is rather high along the notch contour, but decreases rapidly in the bulk (see Fig. 4). 
Consequently, deformation analysis can only be carried out along the crack faces and not in the bulk.
The Finite Element model was defined on the basis of the notch geometry found in analysis of the synchrotron 
data. The notch surfaces were transferred into a CAD-model, which was then improved by removing interfering 
facets or gaps. Afterwards, a mesh was generated using ICEM CFD consisting of 1692366 C3D10 elements. These 
elements were located in the subvolume containing the notch (submodel) which was embedded in a global model on 
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which the boundary conditions could be applied. The displacement field followed from a linear-elastic or a non-
linear elastic analysis using the ABAQUS code.
Figure 5: Displacement in loading direction; 1 pixel corresponds to 2µm.
4. Results and Discussion
Figure 5 illustrates the procedure used in the analysis. First, an envelope of the notch was defined on the basis of 
the correlation coefficient (cf. Fig. 4). Then the colored coded displacement field in loading direction (uz) was 
visualized on this envelope (Fig. 5a) using the PARAVIEW1 tool. The scale in the middle of Fig. 5 indicates that all 
displacements are very small and in the range of decimals of pixels. This is due to the fact that these values actually 
represent the increase of the displacement coming about by an increase of the load by 12N (from 74N to 86N). 
Volumetric digital image correlation of coarser load steps is risky, because the voxel correlation is easily lost due to 
the complexity of the problem. However, a cumulative analysis of consecutive load steps is advisable and will be 
performed in the near future.
Very small values of the displacement in the loading direction (0.1 pixels or even less) are found in the center 
part of the notch together with a certain waviness of the results (unexplainable changes from positive to negative 
displacement direction). This effect is typical for digital image correlation at the limit of the resolution power of the 
method and is well-known from two-dimensional results. Hence it can be concluded that the displacement in loading 
direction is virtually zero in that region in agreement with the FE results. On the notch rim, on the other hand, the 
results indicate that there is a unique (positive) displacement direction. Deviations from these basic trends can be 
associated in most cases with losses of correlation.
Comparison between FE-results and digital image correlation was performed by defining paths along the notch 
contour. First a plane with normal in coordinate direction was defined (see Fig. 5a, plane yn=105). Then the 
correlation coefficient was plotted in this plane (Fig. 5b), and an evaluation path (POL-1 to POL-4) was defined 
which followed the correlation peaks. This path was also identified in the FE mesh. Consequently, the displacement 
fields could be directly compared with each other. Fig. 5c shows that the FE results (POL-3 and POL- 4; red: linear 
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elastic; green: non-linear elastic) agree quite well with the findings of the digital image analysis even though the 
maximum displacement is below 0.5 pixel. 
Further analyses revealed the following trends and tendencies:
(1) Only areas with correlation coefficients above 0.98 yield meaningful results for displacements of 0.2 pixel or 
even below.
(2) Displacements pointing along an area of high correlation are more reliable than those normal to the 
correlation path. Consequently, there are cases in which the displacements in one direction are in 
contradiction to the FE results, whereas in another one the agreement is quite satisfactory.
(3) Displacements on the bottom of the notch are significantly higher in the deformation analysis by digital 
image correlation than in the one based on Finite Elements. This could be an indication that there is a hidden 
part of the fatigue crack which could not be visualized in the scans. 
(4) As soon as the displacements exceed 0.5 pixel, the waviness observed for lower values disappears and the 
results of digital volume correlation become reliable. 
5. Conclusions
High resolution computer tomography performed at the Spring-8 facility (Japan) give new insights in the 
development of the crack shape under fatigue loading. The local values of the crack opening displacement can also 
be determined from these results on the basis of volumetric digital image correlation. However, it has to be kept in 
mind that there will be some results in the sub-voxel regions as crack opening displacements approach zero near the 
crack front, i.e. in the regions of interest. In this case, only regions with optimal correlation will yield meaningful 
results.   
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